The penicillin-binding proteins (PBPs) of Clostridium perfringens were studied. Six PBPs ranging in molecular weight from approximately 42,000 to 100,000 were detected in the cytoplasmic membrane. The relative affinities of the PBPs for 16 beta-lactam antibiotics were determined. Most of the drugs saturated PBP 3 and 4 at concentrations equal to their minimal inhibitory concentrations, suggesting that these PBPs are the killing targets for beta-lactams. Mecillinam showed unique properties; it had a higher affinity for PBP 5 than for other PBPs, and it was the only agent tested which caused inhibition of growth without saturating PBP 4. Interestingly, all beta-lactam antibiotics tested induced filament formation despite having different binding patterns to the PBPs of C. perfringens.
Bacteria contain multiple penicillin-binding proteins (PBPs) in their cytoplasmic membranes. Many of these proteins have enzymatic activity, which is important for peptidoglycan synthesis, and perform specific functions related to elongation, septation, and maintenance of cell shape (13, 15, 18) . PBPs are also the "targets" of beta-lactam antibiotics. Studies of the interaction between these drugs and receptors have provided insight into both the mechanism of action of beta-lactam antibiotics and some basic principles of bacterial growth and division.
PBPs have been investigated in various species of bacteria, but they have not yet been studied in obligate anaerobes. In this study, we report the presence of six PBPs in Clostridium perfringens, determine the relative affinities of each PBP for a variety of beta-lactam antibiotics, and draw preliminary conclusions regarding which PBPs are primary targets for beta-lactam antibiotics. We chose to study this particular species of anaerobe because it is a well-established cause of serious infection for which betalactam antibiotics are usually drugs of choice (5) (6) (7) .
MATERLALS AND METHODS
Bacterial cultures. Strains designated 607, 2696, 2499, and 2533 are clinical isolates of C. perfringens which were cultured in the Anaerobic Research Laboratories of Tufts New England Medical Center, Boston, Mass. Colonies from blood agar plates were inoculated into 50 ml of brain heart infusion broth supplemented with yeast extract and hemin (BHIS) 10 ,l of gel sample buffer containing 3% sodium dodecyl sulfate, 0.2M tris(hydroxymethyl)aminomethane-hydrochloride (pH 6.8), 30% glycerol, and 0.003% pyronine Y. The sample was then heated in a boiling water bath for 3 min. The Sarcosyl-insoluble pellet was also boiled with sample buffer and subjected to electrophoresis to determine whether any PBPs were present in this fraction.
Electrophoresis and autoradiography. Each sample was loaded into a gel slot of a sodium dodecyl sulfate-polyacrylamide slab gel which was pre-run at 60 V for 15 min. The stacking gel consisted of 5% acrylamide and 0.07% N,N'-methylene-bis-acrylamide; the separating gel consisted of 9% acrylamide and 0.12% N,N'-methylene-bis-acrylamide. Electrophoresis was performed at 60 V initially and was increased to 120 V when the tracking dye entered the separating gel (14) . When the electrophoresis was completed (2.5 h), the gel was removed from the apparatus, placed on a filter paper, and dried under vacuum. The dried gel was then placed with Kodak X-Omat RP-5 X-ray film and a Dupont intensifying screen and exposed at -70°C for about 18 h. PBPs were detected by inspection of the autoradiograph after it was developed.
Release of bound beta-lactam from PBPs. To measure the rate of release of the products of bound [125I]furazlocillin from PBPs, membranes were incubated with ["fI]furazlocillin at 30°C for 10 min. A 100-fold excess of nonradioactive penicillin G was added.
Samples of 20 pJ were removed from the water bath immediately and after 30, 60, 90, and 120 min and placed on ice (14) . Subsequent steps for detecting PBPs were the same as those described above.
Binding of beta-lactam antibiotics. The binding of nonradioactive beta-lactams by PBPs was determined by measuring the amount of each PBP remaining available to react with ['261]furazlocillin after preincubation of membranes with the test antibiotic (1, 14) .
Two microliters of a solution of beta-lactam was incubated with 20 pd of membrane suspension at 300C for 10 min, followed by the addition of[1I]furazlocillin and incubation for an additional 15 min. Binding was terminated by adding 1 ml of non-radioactive penicillin G (2 mg/ml) and placing the sample on ice. Subsequent steps for detection of PBPs were identical to those described above. The binding patterns of 16 beta-lactams were determined in this manner. Antibiotics were laboratory standard powders which were provided by the companies which produced them. Minimal inhibitory concentrations (MICs) for the various antibiotics were determined by a broth dilution method. Tubes containing BHIS plus varying concentrations of the test antibiotic in twofold dilutions were inoculated with bacteria to yield a concentration of approximately i05 organisms per ml. After incubation for 18 h in an anaerobic chamber, the tubes were examined. The MIC was defined as the lowest concentration of antibiotic at which turbidity was absent by visual inspection. Fourfold dilutions above and below the MICs of each agent were assayed, i.e., concentrations equal to 1/16 MIC, 1/4 MIC, 1 Washed cells of strain 607 were incubated with the seven agents listed in Fig. 1, followed (4) . PBP 3 and 4 were saturated by beta-lactams at their MICs with striking predictability, suggesting that these proteins are the killing targets for beta-lactams. This constancy of the killing target resembles the situation in Bacillus subtilis, in which PBP 2 seems to be the lethal receptor (2) . By contrast, the killing of E. coli cells results from binding of different PBPs by different agents (13) .
The variability of the concentrations at which different beta-lactams bind PBP 5 and 6 of C. perfringens suggests that the lower-molecularweight PBPs are not important targets for the lethal action of these agents. For example, cefoperazone completely saturated PBP 3 and 4 and caused cell death at concentrations which resulted in no detectable binding to PBP 5 and 6. In this regard, the latter proteins are similar to the low-molecular-weight PBPs of E. coli, which ANTIMICROB. AGENTS CHEMOTHER.
have been identified as carboxypeptidases, enzymes which probably play a role in regulating the degree of cross-linkage of peptidoglycan (10, 17) . However, PBP (14) .
Mecillinam has activity against many gramnegative bacteria but is less active against grampositive organisms (19) . Indeed, its MIC for C. perfringens was much higher than that of the other antibiotics used in this study. In E. coli, mecillinam binds specifically to PBP 2 and causes the conversion of rods into ovoid cells (16) . In addition, its mode of action is different from that of other beta-lactams; it does not inhibit any of the three known classes of penicillin-sensitive enzymes of E. coli (transpeptidases, endopeptidases, and carboxypeptidases) (9, 12) . The binding properties of mecillinam to the PBPs of C. perfringens were unique. Mecillinam had a higher affinity for PBP 5 than for other PBPs, and it was the only beta-lactam tested which caused inhibition ofgrowth without saturating PBP 4. This property may enable the use of mecillinam as a probe for studying the role of PBP 5 of C. perfringens in cell growth and division in future investigations.
The morphological effects on C. perfringens of six beta-lactams (penicillin G, mecillinam, cephalothin, cefoperazone, furazlocillin, and ampicillin) were observed. All six agents induced marked filament formation, suggesting interference with septum formation. This effect of mecillinam is somewhat surprising since this agent usually causes formation ofovoid cells. However, mecillinam has recently been reported to cause filamentation in Fusobacterium nucleatum, an anaerobic, gram-negative bacillus (11) .
One might speculate that PBP 3 or 4 or both are important for septum formation because all agents showed some degree of binding to these PBPs at concentrations which induced filaments. Furthermore, binding experiments suggested that PBP 3 and 4 are the lethal targets for beta-lactam antibiotics. Since one mechanism by which beta-lactams exert their lethal effect is by inhibiting a transpeptidase involved in the terminal stages of peptidoglycan synthesis (20), an intriguing hypothesis is that PBP 3 or 4 or both are vital transpeptidases involved in septum fornation. However, further study is needed to identify the specific functions and enzyme activities of these proteins.
In summary, the cytoplasmic membrane of C. perfringens contains multiple PBPs. The concentrations at which beta-lactams saturate PBP 3 and 4 correlate well with the MICs of the PENICILLIN-BII agents, suggesting that these proteins are the lethal targets. Further investigation of the PBPs of C. perfringens will be interesting to identify specific functions of individual PBPs and to assess the role of PBPs in the recent observation of decreasing susceptibility of this species to penicillin (8) .
